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AN INVESTIGATION AT TRANSONIC SPEEDS OF THE EFFECTS OF
THICKNESS RATIO AND OF THICKENED ROOT SECTIONS ON
THE AERODYNAMIC CHARACTERISTICS OF WINGS WITH
47° SWEEFBACK, ASPECT RATIO 3.5, AND TAFER
RATIO 0.2 IN THE SLOTTED TEST SECTION OF
THE LANGIEY 8-FOOT HIGH-SPEED TUNNEL

By Ralph P. Bielet, Daniel E. Harrlson,
and Domenic A. Coppolino

SUMMARY

Four wing-body combinations of the same plan form (&7° gweep,
3.5 espect ratio, and 0.2 taper ratio) were compared at transonic speeds
in the Langley 8-foot high-speed tunnel. Three wings were 4, 6, and
9 percent thick; the fourth was 6 percent thick but, on the inner
0.4t span, tapered to 12-percent thickness at ‘the roots.

In general, reducing wing thickness ratio lmproved the transonic
charscteristics. Near zero 1ift, the thinnest wing nearly doubled its
lift-curve slope et the high subsonic Mech mumbers; the others increased
somewhat less. Similar but less. pronounced effects were found at a 1iff.
coefficient of 0.3. At a Mach mumber of 1.10, the zero-lift dreg coef-
ficients for the L-, 6- and 9-percent-thick wings were higher than the
low-speed values by factors of approximately 2, 2.4, and 4, respectively.

A comparison of the values of maximm lift-drag ratlos (L/D)m

at 2 Mach number of 0.925 indicated thet reducing the wing thickness
ratios resulted 1n an increase in the (I'/D)max values fr:plp il '0 for

the 9-percent-thick wing to 18.3 for the 6-percent-thick wing, and to
25.0 for the lL-percent-thick wing. At & Mach mumber of 1.10, decreasing
the wing thickness ratio from 9 to L4 percemt increased the (L/D)ma_x

value by a factor of 1.7.
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As the Mach number increased from 0.50 t6 1.10, the aerodynamic . _
center for the 9-percent-thick wing moved rearward 11 percent as compared i
wlth & 15-percent rearward movement for the ll-_-__ and 6-percent-thick wings. n

The characteristics of the 6-percent-thick wing with the thickened o

inboard sections were approximetely intermediate 'between those of the

6- and 9-percent-thick wings.

INTRODUCTION S - =

Four wing-body combinations of the same plan form (47° sweep, -

3.5 dspect ratio, and 0.2 taper ratio) were compared at transonic speeds 3
in the Langley 8-foot high-speed tunnel. Three wings were k4, 6, and Tl
9 percent thick; the fourth was 6 percent thick but, on the inner

0.4 span, tapered to 12-percent thickness at the roots. - .

The results reported herein consisted of 1ift, drag, and pltching- .

moment measurements for a Mach number range of 0.50 to approximately 1.12. -
Only 2 limlited anslysis of the date has been included in this paper in LT
order to expedite publicatlion of the data. . . _

SYMBOLS E T - =
dreg coefficient (D/qS). . . — R —

dreg-due-to-11ft parameter

drag coefflcient at zero 1ift .

1ift coefficient (IL/q8) : - o o

lift-curve slope per degree (dCI]da,)

bi:tching-moment coefficient G;géﬁ) e

static-longitudinal-stability paremeter - = -

wing meen serodynamic chord, inches - . S - T

T v e
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D drag, pounds
L 1ift, pounds

(L/D) gy meximtm 1ift-dreg ratio

M Mech number

Mc_:/h pitching moment sbout 0.25¢, lnch-pounds

q free-stream dynamic pressure, pounds per square foot (%pve)
R Reynolds number bhased on T

S wlng area, square feet

'l'./c wing thickness ratio in percent of chord

v free-streem velocity, feet per second

a angle of attack of body center line, degrees

o] free-stream denslty, slugs per cubic foot

APPARATUS ANRD METHODS

Tunnel

The tests were conducted in the slotted test section of the Langley
8-foot high-speed tunnel. The use of longitudinal slots in the test
sectlon permitted the testing of the models through the speed of sound
wlithout the usual choking effects found in the conventlionel closed-throat
type of wind tunnel. Typlical Mach mummber distributions along the center
of the slotted test section in the region occupled by the model are
shown 1n figure 1. A complete description of the slotted test section
of the Langley 8-foot high-speed tunnel can be found in reference 1.

Model
The models employed for the tests were supplied by a U. 8. Alr Force
contractor. The models represented mldwing configuratlons and were

constructed of steel. All the models had the same wing plan form, with
4T° sweepback of the 0.25-chord line, aspect ratio of 3.5, taper ratio

SRS
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of 0.2, zero twist and dilhedral, and the following alrfoll section
parellel to the model plane of symmetry:

Thickness distribution . « + « « o « « « « » + « » » « NACA 65A-peries

Mean line ordinates . . . 1/3 of NACA 230 serles + NACA 6-series uniform-
load mean line (a = 1.0) for Cqy = 0.1

The only differences in the models were the wing thlckness ratios
and the spenwise thickness distribution. The hollow steel bodies were
bullt integrally with each of the wings and répresented cylindrical
bodles having oglve nose sections. A photograph of wing model 1 is
shown in figure 2 and dimenslionel detalls of the models are shown in
figure 3. Airfoil coordinates for the various models are glven in
table I. : '

Model Support System

The models were attached to the sting support through a six-
component, internal, electricel strain-gage balance vhich was provided
by a U. 8. Air Force contractor. Angle-of-attack changes of the models
were accomplished by pivoting the sting ebout a point which was located
approximately 66 inches downstream of the 0.25 mean aerodynamic chord.
A 15° coupling located ahead of the pivot point was used in order to
keep the model position reasonsbly close to the tunnel axls when the
model angle of attack was varied from 6° to 1”20. The angle mechanism
was comtrolled from outside the test section and therefore permitted
angle changes with the tunnel operating. A detalled description of the
support system can be found in reference 2.

Measurements '

Lift, drag, and pltching moment were determined by means of an
electrical strailn-gage balance located inside.the body. The measure-
ments were mede for angles of attack from -2° to 120 et Mach mumbers
varying from 0.50 to approximately 0.97 and from -2° to 4° at Mach
numbers varying from 1.00 to approximately 1.12. Testing at higher
angles of attack in the supersonic range was ruled out by the pitchings
noment design load of the balance. The accuracy of the data, based on
the design of the balance and the reproduci'bility of ‘the data, is as
follows:

CL - . . . . . . . . - [ . - . [ . . . ] [ . a - . [ ] L] . [ [ [ [ [ ] -':OI 0]_-_
CD e e o 8 & 5 & s e & & © e &« 8 ¥ e = . LI Y ) : e e« o » ¢ s e s io- 001
Cm e s e s e s 8 e ¥ m e & & e v e s s 5 v o l « & 9 s s o s s & to . 00’4-
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A pendulum-type accelerometer callbrsted against angle of ettack
located within the sting downstream of the models was used to indicate
the angles of the models relative to the air stream. It was necessary
to apply e correction to the angle of attack of the model because of
the elasticity of the sting-support system. The corrections were
obtalned fram static calibrations of the sting and the results are shown

in figure k.

The use of the calilbrated accelerometer in conjunction with the
remotely controlled angle-of-attack changing mechanism allowed the model
angle to be set within 10.1° for all test Mach numbers.

Reynolds Number

The variation of test Reynolde mumber, based on the mean aerodynamic
chord of the wing, with Mach mmber averaged for several runs is pre-

sented in figure 5. The Reynolds number veried from 2.0 X 106 at a Mach
number of 0.50 to 2.5 X 10° at & Mach number of 1.l2.

CORRECTIONS

* The ususl corrections to the Mach mumbeér and dynemic pressure for
the effects of model and wake blockage and the drag coefficlent for the
effect of the pressure gradient caused by the weke are no longer neces-
sary with the use of longitudinal slots in the test section (reference 3).

The drag data have been corrected for base pressure such that the
dreg corresponds to conditlons where the body base pressure 1s equal to
the free-stream static pressure.

No corrections for wing twist owing to bending of the swept wings
have been applied to the data. Since the wings were constructed of steel,
however, 1t 1s belleved that bending d1é not materlelly change the sero-
dynamic characteristics of the date presented herein.

There exists a range of Mach nmumbers above Mach number 1.0 where
the data are affected by reflected shock waves. On the basis of unpub-
lished studiles, 1t was estimated that the reflected nose shock wave
should clear the rear of the model at Mach numbers sbove 1.08. Schlieren
plctures made during the tests have substantiated these calculations.
The unpublished results of tests made in the Langley 8-foot high-speed
tunnel also indicate that although a detached bow wave exists on the
model at low supersonic Mach numbers the reflected wave up to a Mach
nunber of approximately 1.04 is of such weak intensity that the data are

SANvITIN..
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unaffected. Accordingly, no data were taken in the range of Mach numbers
from 1.0% to 1.08; and in the final cross plots of the results the curves
are shown as dashed lines in this range of Mach numbers..

RESULTS AND DISCUSSION

An index of the figures presemting the results ie as follows:

Force and moment cheracteristics: . - P Figsure
o, Cp, and Cp plotted ageinst Cy for wing 1 6
@, Cp, and Cy plotted against Cp, for wing 2 . . . . . .+ . « . . . T
@, Cp, and Cp plotted against Cp, for wing 3 . « - « « o« o ¢« = v o « 8
a, Cp, and Cp plotted egainst Cp for wing b .. . . . ¢ v . . . 0 9
Cp, Plotted against M . . . . . . ¢ . o vme v v vme sy o o 0 10
CDO Plotted &gains't M s & e+ @ ¢ » = FLE I .-: LI N 2L I T R B ]_.L
dCD/chE Plotted against M a s 8 s & & &« o @ _-F . s v @ ;l__ " s s s ® 12:_
(L/D)pmax plotted against M . . o+ v o v o v o v S0 o0 e 0. 2 137
c Plotted against M . . . ¢« . ¢ ¢ v o v o v 0 v . w0 .. o 14
I'(L/D)ma.x . ! . '. R
de/dCL plotted again.at M L L R .ui LI L I I B 15
Cr, Cp, and Cp plotted egainst @ for body '+ & « « « =T o . o v o 5 16

-

The reference axes of the date presented ln the flgures heve been
changed from body exes to wind axes. In order to facllitate presentation
of the data, staggered scales have been used in many of the figures and
care should be taken in identifying the zero axis for each curve. All

references to wings in 'bh_is discussion refer to data presen'l:ed for wing- o

body configuratlons.

Lift Characteristics

The lift-curve slopes for the four wing-body configurations are
presented as functions of Mach number at 1ift coefficients of O and 0.3
in figure 10. At zero 1ift, the results :Ln.dica.ted that decreasing the
thickness ratio of the wings increased the Mach mmber &t which the 1ift-
curve slopes started to decrease. For wings l, 2, and 3, the slopes
decreased at Mach numbers of 0.975, 0.955, and 0.94%0, respectively. The
results also indlceted that the lift-curve slopes at zero 1ift for wings
1, 2, and 3 increased 69 percemt, 59 pércent,and 42 percent, respec-
tively, with increasing Mach mmber up to theé force-break Mach number.

AR
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At a 11ft coefficient of 0.3, the 1lift-curve slopes for wings 1,
2, and 3 exhibited similar trends as at a 1i1ft coefficlent of O except
that the increase in CIE at high subsonic Mach mumbers was generslly

less.

There are appreclable structural advanteges in using & wing with
thickened root sections which make it attractive from a design stand-
point; however, its use depends upon whether or not 1t adversely affects
the aerodynemic characteristics, particularly in the transonic speed
range, when compared wilth a wing of constant spanwise thickness. A
ccmparison of wing 4 with wing 2 in figure 10 shows that graduelly
thickening the root sections on wing 4 from 6 percent at the 0.l4O-semispan
station to 12 percent at the plane of symmetry did not appreciably change
the lift-curve slope values throughout the Mach number range, indicating
that the 1ift characteristics of wing b were as good as those of wing 2.

Drag Characteristics

The effects of thickness ratio end Mach number on the drag at zero
11ft for wings 1, 2, and 3 are shown in figure 11. Reducing the thick-
ness ratio from 9 percent for wing 3 to L4 percent for wing 1 resulted in
an Increase in the drag rise Mach mumber from 0.925 to 0.975. At sub-
sonic Mach numbers below the force breek, wing 3 had a value of drag
which was approximastely 16 percent lower than wings 1 and 2. Although
the reasons for thls are not clear, it is believed that wing 3 had &
more favoreble pressure gradient existing over the airfoil surface, .
resulting in a greater reglon of leminar flow and therefore lower drag.
It 18 also possible that the surface on wing 2 may not have been entirely
aerodynamically smooth, owlng to removable plates which were used for
attaching varilous nacelles to the wing, which might account for the fact
that wing 2 had higher values of drag at subsonic Mach numbers than
either wing 1 or wing 3. At e supersonic Mach nmumber of 1.10, however,
the drag increased approximately by e factor of 4, compared with the
low-speed value, for wing 3. For the 6- and k-percent-thick wings, the
drag coefficlents increased by factors of ebout 2.% and 2.0, respectively,
for similer Mach numbers.

A comparison of wing 4 with wing 2 in figure 11 shows the effect of
the thickened inboard sections on the drag at zero 1ift. The thickened-
root wing (wing L) had a low-speed value of drag which was approximately
19 percent lower than that for wing 2, possibly for reasons similar to
those given for wing 3. The thickened-root wing, however, decreased the
drag rise Mach munber from 0.975 to 0.95 end increased the drag at a
Mach mumber of 1.10 by 22 percent. When compered with wing 3, on the
other hand, the drag for wing 4 at & Mach number of 1.10 was epproxi-
metely 14 percent lower.

SRR
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Flgure 12 shows the effect of wing thickness ratio and the thickened
inboard section on drag due to 1lift for the four wings investigated.
Generally, reducing the wing thickness did not appreciebly change the
value of the drag due to 1lift at a 1ift coefficlent of 0.3. The drag
due to 1ift began to rise at a Mach nmmber of 0.90 and increased approxi-
mately 30 percent above the low-speed value at a Mach number of 1.10.

The effects of wing thickness ratioc on the meximm lift-drag ratio
are shown in figure 13. A comparison of the lift-drag ratios for wings
l, 2, and 3 indiceted that a reduction in thickness ratic from 9 percent
to I percent caused an increase from 0.89 to 0.925 in the Mach number
for vhich the maximum 1ift-drag ratio began to decrease. This increase
in Mach mmber at which the force break occurred would be expected since
reducing the thickness ratioc Increased the Mach number at which the drag
started to rise (fig. 11) and elso increased the Mach mumber at which
the 1lift-curve slopes started decreasing (fig. 10). A comparison of
the (L/D)p.x velues at & Mach mmber of O. 925 indicated that reducing

the wing thickness ratio from 9 to 6 to 4 perpent resulted in an increase
in the (L/D)p,yx value from 15.0 for wing 3 to 18.3 for wing 2, and to
25.0 for wing 1. At a Mach number of 1.10, decreasing the wing thickness
ratio from 9 to 4 percent increased the (L/D)ma.x value by & factor

of 1.7.

The effects of tapering the wing thickness from 6 percent at the
LO-percent spanwise station to 12 percenmt et the plane of symmetry on
the meximum l1ift-~drag ratio values are also shown in f 13. Thick-
ening the root section had a negligible effect on (L/D)pax up to &
Mach number of 0.95. At a Mach number of 1.10, however, the thickening
of the root section caused a l6-percent decrease in (L/D)yo.

In conjunction with the maxinmum 1ift-drag retio plots, the velues
of 1ift coefficlent at which the maximm lift-drag ratlio occurred are
presented as a function of Mach mumber 1n fi@u‘e 1h. Reducing the wing
thickness ratlo was effective in reducing the positive shift in 1ift
coefficient for (L/D)ma.x as the Mach number increased from 0.70 to 1.10.

As an example, the shift in the 1ift coefficient for (L/D)ma.x for wing 1
was approximately 40 percent as compared with 63 percent for wing 3.

Pitching-Moment Characteristics
In generel, the pltching-moment curves for Mach mumbers up to O. 925
- (figs. 6(c), 7(c), 8(c), 9(c)) showed pronounced unstsble breaks near a

11ft coefficient of 0.6 for the four wing-body configurations. As the
Mach number increased beyond 0.95, however, the break became less sharp.
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The effects of Mach number on the stetic-longitudinal-stability
parameter &Cp/dC; for the four wings are presented in figure 15. As

the Mach nunber was increased from 0.50 to 1.10 for zero 1ift, the aero-
dynamic center for the 9-percent-thick wing moved rearward 11.0 percent
as compared to a l5-percent-rearward movement of the eerodynsmic center
for the 4- and 6-percent-thick wings. Through the trensonic speed range,
there was probably an outboard movement of the boundary layer (refer-
ence 4) which resulted in a more pronounced separation at the tip for
the 9-percent-thick wing than for either the 4~ or 6-percent-thick wings.
This increase in flow separation for the 9-percent-thick wing would
prevent the aserodynamic center from moving as far rearward as the aero-
dynamic center for either the %- or 6-percent-thick wing.

Figure 15 also shows that at 0 and 0.3 1ift coefficients, the
thickened inboard sections of wing 4 did not appreciebly change the
locatlon of the aerodynamic center as compared to the location of the

aerodynamic center for wing 2.

Body-Alone Characteristics

In figure 16 are presented body-alone data, by means of which
combined wing-plus-wing-body-interference data may be obtained from
comparisons with the wing-body configurations. It can be seen that the
effects of compressibility on the 1ift and pitching-moment coefficients
are negligible. At 0° angle of attack, the low-speed drag coefficient
of the body based on the wing area increased from a value of 0.0030
to 0.0062 as the Mach number increassed to 1.10. ‘

SUMMARY OF RESULTS

The results of an investigation of a wing of aspect ratio 3.5,
teper ratio 0.2, 470 sweepback of the quarter-chord line, and
only in thickness ratio and spanwise thickness dilstribution indicated
the following:

1. In general, reducing the wing thickness ratio from 9 percent to
. percent was effective in increasing:

(a) The lift-curve break Mach number from 0.940 to 0.975 at zero
1ift

(b) The dreg rise Mach mumber from 0.925 to 0.975 at zero 1lift
(c) The Mach number from 0.89 to 0.925 where the maximum 1ift-drag

ratio decreased
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2. A large increase 1n the l1ift-curve slope at high subsonic Mach
numbers was noted for the L-percemt-thick wing at zero lift. At a 1ift
coefficient of 0.3, the lift-curve slopes for wings 4, 6, and 9 percent
thick exhibilted similar trends as at a 1ift coefficient of 0 except that
the increases in lif‘b-curve slopes at high B'ubsonic Mach nunbers were
generally less. :

3. At a supersonic Mach number of 1.10, the dreg increased approxi-
mately by a factor of 4 above the low-speed value for the 9-percemt~-
thick wing. TFor the 6- and L-percent-thick wings, the drag coefficients
increased by factors of about 2.4 and 2.0, respectively, for similar
Mach numbers.

L. A comparison of the velues of maximm 1ift-drag retios (L/D)pey
et a Mach number of 0.925 Indicated that reducing the wing thickness
ratios resulted in an increase in the (L/D)m velues from 15.0 for
the 9-percent-thick wing to 18.3 for the 6-percen'b-thick wing, and to
25.0 for the 4-percent-thick wing. At a Mach number of 1.10 decreasing
the wing thickness ratio from 9 to 4 percent increased the (L/D)ma_x
value by a factor of 1.7.

5. As the Mach number increased from 0.50 to 1.10, the serodynamic
center for the 9-percent-thick wing moved rearward 1l percent as compared
with a 15-percent rearward movement for the U4- and 6-percent-thick wings.

6. The characteristics of the 6-percent-thick wing with the thickened

inboard sectlons were approximately in‘l;ermedi.ate be'bween those of 'bhe
6- and 9-percent-thick wings.

Langley Aeronautlical Laboratory
National Advisory Committee for Aeronautics
Langley Fileld, Va. - ) -
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TABLE I
ATRFOIL COORDINATES FOR THE FOUR WING-BODY CONFIGURATIONS
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o Diffuser-enirance-nose arrangement for subsonic operation .
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Figure l.- Mach mumber distributions along the center of the test section.
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Figure 2.- Photograph of model as tested in the Langley 8-foot
high-speed tunnel.
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Wing Details

Airfoll esection parallel to plans of symmetry

Thickness distribution . . . . . . « + = » + + HNACA 65A meries

Mean line ordinates . . . 1/3 of NACA 230 series + FACA 6-peries
uniform-load mean line {(a = 1.0) for

Czi = 0.1
Arem, Bq ft . . . . .. s e e v n v n s e 1.2k3
Aspect ratio . .. .. f e s e b s e e s e e s e e 3.5
Taper ratio . . » . . . . 4 s s e s e s aa e c.2
Incidence, deg a5 s 4 s e s b a s s s s s e e e 0
Dihedral, deg . . © « « ¢ ¢ s o « « e e . . 0
Goometric twist, deg . . . ¢ - - ¢ ¢ 0 0 b e e e e 0
I°J5__
-8.748 Ire

4667 —==

20R

Figure 3.- Model details. All dimensions are in inches.
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Figure L.- Sting deflection due to 1ift and pitching moment.
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Figure 6.~ Variation with 1ift coefficlent of the serodynemic characteristics

for wing 1.
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Figure 6.- Contimued.
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Lift coef'flclent', C-L

(¢) Pitching-moment coefficient.

Figure 6.- Concluded.
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Figure T.- Variation with 1ift coefficient of the aerodynamic characteristics

Lift coefficlent, Gy

(a) Angle of attack.

for wing 2.
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Figure T.- Continued.
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Figure 7.- Concluded.
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for wing 3.
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Figure 8.- Continued.
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Figure 8.- Concluded.
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Pigure 9,- Variation with 1lift coefficient of the serodynamic characteristics
for wing h.
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Figure 10.- Effect of thickness ratio and thickened root sections on the

variation of lift-curve slope with Mach number for the wing-body
configuration.
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Figure 11.- Effect of thickness ratio and thickened root sections on the
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wing-body configuration.
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Filgure 12.- Effect of thickness ratio and thickened root sections on the
variation of drag due to 11ft with Mach number for the wing-body
configuretion. Cy = 0.3.



NACA RM L51I0ke CAATENRRL, 33

24 M|ng "\

20 Z

20

o | BN

N
S
8 -4
4
0
5 .6 7 8 ) 10 U 12

' Mach m.lmber ,M'
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number for the wing-body configuration.
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number for the wing-body configuration.
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(a) 1ift coefficient.

Figure 16,- Variation with angle of attack of the aerodynemic characteristics

of the body.
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Drog coefficlent ,Cp

(b) Dreg coefficient.

Figure 16.- Continued.
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Pitching-moment coefficlent ,Gp,

(c) Pitching-moment coefficient.

Figure 16.- Concluded.
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